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Abstract 

i-Q ' We study the interplay between the spontaneous breaking of a global symmetry of the 

Higgs sector and gauge-mediated supersymmetry breaking, in the framework of a super- 
^ i' symmetric model with global SU(3) symmetry. In addition to solving the supersymmetric 

O , flavour problem and alleviating the little hierarchy problem, this scenario automatically 

triggers the breaking of the global symmetry and provides an elegant solution to the n/Bfj, 
problem of gauge mediation. We study in detail the processes of global symmetry and elec- 
CO ' troweak symmetry breaking, including the contributions of the top/stop and gauge-Higgs 

^ I sectors to the one-loop effective potential of the pseudo-Goldstone Higgs boson. While the 

joint effect of supersymmetry and of the global symmetry allows in principle the electroweak 
vA , symmetry to be broken with little fine-tuning, the simplest version of the model fails to bring 

fSJ ' the Higgs mass above the LEP bound due to a suppressed tree-level quartic coupling. To 

cure this problem, we consider the possibility of additional 5'f/(3)-breaking contributions to 
(•~^ ' the Higgs potential, which results in a moderate fine-tuning. The model predicts a rather 

f^ I low messenger scale, a small tan/3 value, a light Higgs boson with Standard Model-like 

properties, and heavy higgsinos. 



p. 






X ■ 1 Introduction 



a 



Among the proposed extensions of the Standard Model, supersymmetry is one of the most attrac- 
tive from a theoretical point of view, in particular because it automatically solves the hierarchy 
problem. However, the lack of experimental evidence put strong constraints on supersymmetric 
models such as the Minimal Supersymmetric Standard Model (MSSM). The fact that no super- 
partner has been discovered so far implies a (at least in part) heavy supersymmetric spectrum, 
which exacerbates the "little hierarchy" problem associated with the LEP bound on the Higgs 
mass and increases the level of fine-tuning in the Higgs potential. Furthermore, the absence of 
any significant deviation from the Standard Model predictions in flavour physics places strong 
restrictions on the generational structure of squark and slepton masses. Gauge mediation fl] 
offers a natural solution to this problem: supersymmetry breaking is communicated to the ob- 
servable sector by gauge interactions, and is therefore automatically flavour blind. On the other 
hand, gauge mediation suffers from the so-called ^/B^ problem [2], i.e. the fact that the /i 
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and Bfi parameters of the MSSM are typically generated at the same loop order, leading to 
Bfj, ^ l/zp, which is inconsistent with natural electroweak symmetry breaking. 

Both problems - the little hierarchy problem and the n/Bfi problem of gauge mediation - may 
actually have a common solution in terms of pseudo-Goldstone bosons. In Ref. p], a mechanism 
involving additional singlet superfields was proposed to generate the // and B^ parameters at 
the one- and two-loop levels, respectively, leading to the order-of-magnitude relation Bfj, ~ |/ip. 
It was pointed out that this relation has a pseudo-Goldstone interpretation: in some limit where 
the Higgs superpotential becomes invariant under a global SU{3) symmetry, one combination 
of the two Higgs doublets remains massless after spontaneous breaking of this symmetry due to 
the relation B/j, = |yup (in which the soft Higgs mass parameters have been omitted). Regarding 
the little hierarchy problem, it is well known that it can be alleviated if the Higgs boson arises 
as the pseudo-Goldstone boson of some spontaneously broken approximate global symmetry, a 
scenario known as little Higgs j3]. It was shown in Refs. [H [5l El [7] that the combination of 
supersymmetry and of a global symmetry leads to an improved protection of the Higgs potential. 
Namely, the logarithmic dependence of the MSSM Higgs mass parameter on the cut-off scale is 
replaced by a dependence on the scale of spontaneous global symmetry breaking, thus reducing 
the need for a fine-tuning. Explicit realizations of this idea of double protection ^ of the Higgs 
potential by supersymmetry and by a global symmetry have shown that a fine-tuning smaller 
than 10% can be achieved with squark masses around 1 TeV. 

In this paper, we revisit these issues by combining gauge-mediated supersymmetry breaking 
with a spontaneously broken global symmetry in the Higgs sector. We consider a simple model 
with a global SU{3) symmetry, which is essentially a gauge-mediated version of the model of 
Ref. [5j, and study it in detail. We pay particular attention to the spontaneous breaking of the 
global symmetry, and check whether the S't/(3)-breaking minimum is the global minimum of 
the scalar potential. A key role in the process of global symmetry breaking is played by the 
tadpole of an SU{3) singlet field, which is generated by loops of messenger fields together with 
the singlet soft terms. This tadpole also triggers the generation of the /i and Bfi parameters; 
however they do not contribute to the potential of the lightest Higgs doublet due to its (pseudo-) 
Goldstone boson nature. As a result, the higgsinos and the non-Goldstone Higgs scalars can 
be made heavy with masses of order |/x| ^ Mz without introducing a strong fine-tuning in 
the Higgs potential. We then compute the one-loop effective potential of the pseudo-Goldstone 
Higgs doublet and study electroweak symmetry breaking. While the corrections to the pseudo- 
Goldstone mass parameter are efficiently controlled by the joint effect of supersymmetry and of 
the global symmetry, allowing in principle the electroweak symmetry to be broken with little 
fine-tuning, the specific model studied in this paper fails to bring the Higgs mass above the LEP 
bound due to a suppressed tree-level quartic coupling. To cure this problem, we consider the 
possibility of additional 5'C/(3)-breaking contributions to the Higgs potential, and estimate the 
resulting fine-tuning. 

The paper is organized as follows. In Section [21 we describe the model and discuss the 
generation of the soft supersymmetry breaking terms via gauge mediation. In Section [3l we 
study the spontaneous symmetry breaking of the global SU{3) symmetry and find a region of 
the parameter space in which the desired vacuum is indeed the global minimum of the scalar 
potential. We then show how the n/Bfx problem is solved by the global symmetry. Section H] 
deals with electroweak symmetry breaking, the Higgs mass and fine-tuning. Finally, we give our 
conclusions in Section [5l 

2 The model 

The model we study in this letter is based on a supersymmetric version of the "simplest 
little Higgs model" of Ref. |jS]. We describe its general structure below, before discussing the 



generation of the soft supersymmetry breaking terms via gauge mediation. 

In order to realize the Higgs as pseudo-Goldstone boson idea, a global SU{3) symmetry 
spontaneously broken at the scale / ~ 1 TeV is imposed on the Higgs sector. The MSSM Higgs 
doublets Hd and H^ are extended to global SU{3) (anti-)triplets: 

^. = ( 2 ) € 3 , 7^^ = ( ^^^f " ) E 3 , (1) 

where Su and Sd are electroweak singlets. Similarly, all matter fields are extended to SU{3) 
multiplets. The global symmetry is spontaneously broken by the VEVs of Su and Sd- The 
associated Goldstone boson, which is identified with the Standard Model Higgs boson H, is a 
linear combination of the SU{2)l doublets Hd and ia'^H*. By construction, the tree-level Higgs 
potential does not contain a mass term for H. However, the global SU{3) symmetry of the 
Higgs sector is not a symmetry of the full Lagrangian: it is violated explicitly by the Yukawa 
and gauge interactions of the MSSM. These induce a one-loop potential for H which, due to 
the combined effect of supersymmetry and of the approximate global SU{3) symmetry, has no 
logarithmic dependence on the ultraviolet cut-off [5j. Thanks to this softening of the radiative 
corrections, the LEP Higgs mass bound can be satisfied with less fine-tuning than in the MSSM. 

In order for this double protection mechanism to be operative, the gauge symmetry must 
be compatible with the global symmetry in the ultraviolet. To this end, the electroweak gauge 
symmetry SU{2)l x U{1)y is extended to SU{3)w x U{l)x, where Y = X - T^/y/3. The 
breaking of the extended gauge group is achieved at some higher energy scale i*" ^ / by two 
additional Higgs (anti-)triplets $£> and <!>[/. In this way, the masses of the heavy gauge bosons 
are unrelated to the global symmetry breaking scale /, and experimental limits on them do not 
constrain it. It is then possible to choose / around the TeV scale, so as to minimize the fine- 
tuning in the Higgs potential, without running into conflict with precision electroweak data [5]. 

The details of the model are presented below. 

2.1 The 5'f/(3)-symmetric Higgs sector 

The Higgs sector has a global SU{3)\ x SU{3)2 symmetry whose diagonal subgroup is the 
SU{3)w gauge symmetry. It contains the following Higgs multiplets: 

• <!>/) and $(7, transforming as 3 and 3 of SU{3)\, 

• T-Ld and %u^ transforming as 3 and 3 of SU {3)2, 

• two SU(3)i X SU{3)2 singlets N and N' . 

Under SU{3)w x U{l)x, ^d and T-Ld {^U and T-Ly) have quantum numbers 3_i/3 (3_(_i/3), while 
N and N' are singlets. The MSSM Higgs doublets Hd and H^ are embedded in T-Ld and Tiu as 
indicated in Eq. ([1]). The SU{3)i x SU{3)2 symmetric Higgs superpotential is chosen to be: 

W^Higgs = A'A^' (^u^D - ^1 + ^NTiuHd + ^iV' , (2) 



where the last two terms are reminiscent of the NMSSM [Q]. The role of the NTiuTid coupling 
is to induce the breaking of the global SU{3)2 symmetry once the singlet field A^ acquires a 
VEV. This coupling is also responsible, as in the NMSSM, for the generation of the /i and B^ 
parameter through the VEVs of the scalar and F-term components of N . The last term is crucial 
to avoid a runaway of the tree-level scalar potential in the A^ direction. 



The superpotential ([2|) leads to the spontaneous breaking of the global SU{3)i symmetry, 
together with the gauge symmetry breaking SU{3)w x U{l)x -^ SU{2)l x U{1)y- 



{^d) = , i^u) = {0 Fu), (3) 




with Fu = Ff) = i^/v2 in the supersymmetric limit (soft terms will shift the VEVs of ^d and 
^U by an amount 0{m'^^f^^/F)). The spontaneous breaking of the global SU{3)2 symmetry is 
triggered by a tadpole term in the singlet field N, whose origin will be discussed in Section [2.31 



{nd)= I I , {nu) = { /sin/3 ), (4) 

/cos/3 

where we have definecotan/3 = {Su)/{Sfi)- 

One can take advantage of the hierarchy F ^ f to integrate out at the scale F the heavy 
components of the chiral superfields $£>, $[/ and N' , as well as the heavy gauge supermultiplets 
living in the coset SU{3)w x U{1)x/SU{2)l x C/(l)y. The resulting effective field theory is then 
used to study the breaking of the global SU{3)2 symmetry and of the electroweak symmetry. 

2.2 The top quark sector 

Like the Higgs fields, the matter fields of the MSSM must be extended to SU{3) multiplets. 
Since we are mostly interested in electroweak symmetry breaking, we only need to consider 
the top/stop sector, which gives the dominant contribution to the one-loop effective potentia|f|. 
For definiteness, we make the same choice as Ref. [5] for the representations of the top quark 
superfields and for their couplings to the Higgs superfields (see e.g. Refs. |1H I12| for alternative 
choices) : 

Wtop = yi^u'i'QT' + y2nu^Qt', (5) 

where ^q = [Q , T) = {(t,b),T) is an SU{3)w triplet, while f^ and T'^ are SU{3)w singlets 
(obviously, a second singlet is necessary to render both the top quark and its SU{3)w partner T 
massive). Below the scale F, the first coupling in Eq. ([5]) is replaced by the effective mass term 
yiFTT^. The simultaneous presence of the two terms violates the global SU{3)2 symmetry; 
hence all S'f/(3)2-breaking effects from the top/stop sector will be proportional to yiy2- 

2.3 Soft supersymmetry breaking terms 

So far the model described above is identical to the one of Ref. [5]. The difference lies in the soft 
supersymmetry breaking terms, which in our model are calculable in terms of a few parameters. 
Namely, we assume that supersymmetry is broken in a secluded sector and communicated to 
the observable sector via gauge interactions. As is customary, we parameterize supersymmetry 
breaking by a gauge-singlet spurion superfield X and couple it to a vector-like pair of chiral 
messenger superfields (<I>, ^), which we choose to be in the representation (3, 1, o) ® (l, 3, — o) 
of SU{3)c X SU{3)w X U{l)x and its conjugate. In order to generate soft terms for the singlet 
superfield N, we also introduce a coupling A^$$: 

W^ess = x^<^ + ^Nm , {X) = M + e^Fx . (6) 



^This notation, which is reminiscent of the one used in the MSSM for the ratio of the two Higgs doublet 
VEVs, is motivated by the fact that the pseudo-Goldstone boson is given by the same hnear combination H ~ 
cos P Hd + sin /J (ia'^H*) as the hghtest MSSM Higgs boson in the decoupling regime |10) . 

^As we are going to see, tan/? turns out to be small in this model, so that the bottom/sbottom contribution 
to the one-loop effective potential can be neglected. 



The soft supersymmetry breaking terms for the gauginos and gauge non-singlet scalars are 
generated by the standard messenger loops [1], and are schematically given by (the explicit 
formulae can be found in Appendix iBJl : 



4, A, <.,..- (^^j A^ K^-. (7) 

These expressions are valid at the messenger scale M, with a = g^{M)/A'K, where g(/u) is the 
relevant running gauge coupling. The 74-terms associated with the Yukawa couplings of the 
top sector, Ay^ and Ay^^ vanish at the messenger scale and are generated at lower scales by 
renormalization group running. Due to the direct coupling between N and the messenger fields, 
soft terms for the gauge-singlet superfield A^ are also generated (by contrast, the soft terms for 
the singlet A^' vanish). Using the wave- function renormalization technique of Ref. |13|. we find: 

"« = ^^ V'^ {* - 24 «"«" - 16 sU^ - 1« »■{' - \ Ai^j A^ (9) 

where gc, gw cind gx are the SU{'i)c, SU{2>)w and U{l)x gauge couplings, respectively. Note 
that 771^ < as soon as ^ < gw ■ A negative contribution to the soft masses of the Higgs triplets 
1-L(l and T-L^ is also induced by the ^ coupling, on top of the standard (positive) gauge mediation 
contribution: 

rnl = ^l = (I^(^^ + |^^-6A'^') A^ (10) 

Last but not least, the presence of a direct coupling between the singlet A^ and the messenger 
superfields also induces a tadpole in the scalar potential |14| [2t[T5]: 

^tad = m^AT + h.c., rrv" = r^A^M, (11) 

which plays an essential role in the breaking of the global SU{3)2 symmetry, as well as an 
effective tadpole term in the superpotential [14| 115) : 

VFtad = Mf,N, Ml, ~ ^F^. (12) 

Let us note in passing that we could have avoided the generation of a tadpole for A^ by 
introducing a second pair of messenger fields with the following superpotential couplings [13|I16|: 

TFiness = ^^1^1 + ^^2^2 + ^N^i^2 ■ (13) 

Since X and A^ couple to different combinations ^i^j, no tadpole arises at one loop and the 
breaking of the global SU{3)2 symmetry is triggered by the singlet soft terms (with mj^ < 
for ^ < gw)- In this letter, we choose to stick to the minimal case involving a single pair of 
messenger fields, with the superpotential Q. 

3 Spontaneous breaking of the global SU{3)2 symmetry 

In order to proceed with the analysis of the global SU {3)2 symmetry breaking, it is convenient to 
integrate out the fields that acquire a mass of order F when the gauge symmetry SU{3)w x U{l)x 
breaks down to SU{2)l x C/(l)y. One is then left with the following tree-level potential for the 
fields A^, Tid and T-Lu, valid for energy scales E <^ F: 

^Higgs = Vf + Vd + V^oit + <5V;oft + 14ad , (14) 

5 



Vf = \XHu'Hd + kN^ + mI\^ + |A|2 |iV|2 (|^„|2 + \'Hd\') , (15) 

^D= ^^Y.{^u'y'^u + HyHa)\^-^[\H^\' -\Hd\')\ (16) 

i 

^soft = m^ |A^|' + ml \nu\' + ml \nd\' + [xAxNUJid + ^A^N^ + h.c.) , (17) 



(JV^oft = {m\) 



mn — m, 



U) 



^%^(«i«. -«!-.). i 



(18) 



^tad = m^N + h.c. , (19) 

where g and g' are the SU{2)l and U{1)y gauge couphngq^, tw = g' jg and the expressions for 
the soft terms ?7i^, m^, ttt.^, ^4;^, ^^ and tadpole parameters rr? ^ Mjj have been given before. 
Vo contains the SU{2)l x U{1)y -D-terms and breaks the global SU{3)2 symmetry. The term 
^Kiofti which is a residue of integrating out the heavy gauge supermultiplets |17| . also breaks 
SU{3)2; it is proportional to mj^ — mfj, the difference between the soft masses squared of the 
SU{3)i Higgs triplets ^d and ^jj [5]|6]. This term is potentially dangerous because it gives a 
tree-level mass to the Higgs boson, thus spoihng its pseudo-Goldstone nature. However, since 
$£) and $[/ are in conjugate representations, they have equal soft masses at the messenger scale 
and the splitting mj^ — mfj is generated by the running between M and F; hence it is expected 
to be small. Indeed, numerical calculations show that the effect of <5Kioft on the dynamics of 
SU{3)2 breaking and on the value of the Higgs mass is negligible. 

The tadpole (|19|) triggers a VEV uat = {N) ~ m ~ (G^Mm'^^f^/a'^) , together with 
f ^ m. On the other hand, / ^ 1 TeV is needed in order not to spoil the pseudo-Goldstone 
nature of the Higgs boson. This points towards a rather small value of ^, of the order ^ < 
10~^Q;^(lTeV/msoft)^(100TeV/M). In practice this means that the soft terms A\, A,^ and 
m^, as well as the negative contribution to m^ and ml, are strongly suppressed and can be 
neglected in the minimization of the scalar potential. As for the superpotential tadpole term, 
which is of order M^ ~ (6i^/47r)Mmsoft/a, its only effect is to shift vn by a relative amount 
Mf^/m? ~ (a/47r) m/rrisoit ^ (a/47r)(l TeV/rrisoft), and we will omit it in the following analyti- 
cal considerations. Nevertheless all these parameters are included in our numerical computations. 

While the VEV of N is stabilized by the superpotential term kN^/3, there is no term in V 
to stabilize a VEV of Su {Sd) triggered by a negative ml (m-^)- Since m^ is driven negative by 
the renormalization group running between the messenger scale M > 100 GeV and the gauge 
symmetry breaking scale F, this leads to a runaway in the direction (N) = (Sd) = 0, | {Su) | — )■ oo, 
which we discuss in the next subsection. 

3.1 Global SU {3)2 symmetry breaking: analytical discussion 

Let us first ignore the runaway direction and minimize the scalar potential for vj\f = {N) 7^ 0. 
We have argued in the previous subsection that the soft terms associated with N as well as the 
superpotential tadpole parameter M^ can be neglected to a good approximation. Furthermore, 
for reasons that will become clear later, a tadpole parameter m, somewhat larger than the scale 
of MSSM soft terms is needed in order for the proper symmetry breaking vacuum to be the 
global minimum of the scalar potential. This leads to the prediction of a small tan l3, since the 
minimization conditions give: 



,2 « _ >^v%±rr^ 



tan^/3= ,,^^1 :.J , (20) 



The matching conditions between the SU{3)w x U{l)x and SU{2)l x U{1)y gauge couphngs at the scale F 
read g = gw and g' = gwgx/^gw + Sx/3- 



together with vn ~ m. Neglecting all soft terms (including the Higgs soft masses rUu and rriii) 
in the minimization of the scalar potential, we obtain the following approximate solution: 

v% = ,,""' ,, , / = ±Jz^i^±M^^, tan/3 = l, (21) 

^ 2A(2a. + A) A5/6[2(2k + A)]1/3 ^ ^ 

for K + A < 0. We thus see that the spontaneous breaking of the global SU{3)2 symmetry is 
induced by the tadpole term. To ensure that this occurs not too far above the electroweak scale, 
while m can be in the multi-TeV range, some tuning between k and A is needed. If one quantifies 
the level of tuning by the parameter e > 0, where k = — A (1 + e), then / ~ ^^femj}?''^ . Also, 

^ = ±V2i, (22) 

implying vn > f- 

The problem of the runaway in the Su direction remains to be discussed. As we show now, 
this direction is uplifted by radiative corrections. The dominant contribution to the Coleman- 
Weinberg one- loop effective potential for Su, 



AVi^ioopiSu) = -^^ STr 



M\Su) In 



M\Su) 3 



A2 2 

comes from the (s)top sector. The fermion mass matrix is given by: 



(23) 



(where we have frozen {Hu) = 0), and has a single nonzero eigenvalue corresponding to the mass 
of the heavy top quark, ttit = \/|y2'S'up + |yi-Fp. Neglecting the small difference between the 
soft masses of the stop fields (see Appendix [B]) , the (s)top sector contribution to the one-loop 
effective potential reads: 



AFi 



1— loop 



levr^ 



K,„i,W,j!:!L±;w _3 _„,^,^^™|^_0 



(25) 



where m1^^^ = m^ = m^c = rn%. For large Su values, Ayi_ioop('S'„) grows as IS'aplnlSup, 
thus curing the runaway behavior due to the m^ \Su\'^ term in the tree-level potential. However, 
an unwanted minimum appears along the Su direction at the location: 

Slmin ^ ^ exp ( --¥?^ 1 ' N^S.c^O, (26) 

2^2 \ •jy2"^stop/ 

where we have set A = F and, consistently, tti^ stands for the running mass squared m\{F). 
The value of Su,-mm grows exponentially as the absolute value of m^ increases. The value of the 
scalar potential at this minimum thus decreases exponentially with |m^|: 

where VmniSu) = '"^ul'S'nP + AVi-ioopiSu)- In order to ensure that the global minimum of 
the scalar potential is the one approximated by Eq. (f2T]l . one has to check that V^in(/, f^iv) < 
Kun(5'«,min)> where Vtnin(/, I'iv) is the value of the scalar potential at the minimum (|2ip : 



This requirement imposes some restrictions on the parameters of the model, most notably on 
the messenger mass M and on the tadpole scale m (or equivalently on M and on the parameter 
^). In particular, larger values of m are preferred, making it necessary to slightly tune the values 
of K and A in order to maintain the SU{3)2 breaking scale / below 1 TeV or so. Numerical 
calculations show that M < 1000 TeV and ^ > 10~^ lead to reasonable results. 

3.2 Global SU{3)2 symmetry breaking: numerical results 

In order to study numerically the spontaneous breaking of the global SU{3)2 symmetry, we first 
set the values of the parameters F, yi, y2, n, A and of the various soft terms at the messenger 
scale and perform the appropriate renormalization group (RG) running. The SU{3)w breaking 
scale F and the coupling yi cannot be chosen too large if one wants to uphold the pseudo- 
Goldstone nature of the Higgs doublet, since the SU{3)2 violating effects in the (s)top sector are 
proportional to yiF, as discussed in the next section. All the effects neglected in the analytical 
discussion above (like the superpotential tadpole term, the soft terms in the Higgs potential and 
the contributions from the Higgs sector to the Coleman- Weinberg effective potential) are taken 
into account numerically. The S'C/(3)2-symmetric RGEs valid between the messenger scale M 
and the SU{3)w breaking scale F can be found in Appendix |Al while Appendix |B] gives the 
boundary conditions for the soft terms at the messenger scale, calculated using the wave-function 
renormalization technique of Ref . ^13j . 

The minimization of the scalar potential at the scale F leads to the spontaneous breaking 
of the SU{3)w X U{l)x gauge symmetry, together with the SU{3)i global symmetry. Then the 
heavy degrees of freedom are integrated out and the breaking of the global SU{3)2 symmetry 
is studied by minimizing the effective potential below F, defined as the sum of the tree-level 
potential ()14p with its parameters renormalized at the scale F and of the Coleman- Weinberg 
one- loop corrections computed with A = F. The result is then confronted with the requirement 
of having the proper global minimum of the potential, with the SU{3)2 breaking scale / not 
too far above the electroweak scale, and a correct prediction for the top quark Yukawa coupling. 
The approximate proportionality between the VEVs vn, f and the tadpole scale m, Eq. ()2ip . is 
confirmed by numerical calculations. A slightly more accurate set of equations for v^ and / is 
given by: 

f ^ ^ [-2A (k + X)v%-ml- mj] , (29) 

2A^(2k + X)v% + {k + X){ml + ml)vN - Am^ ~ , (30) 

and the prediction tan/3 ~ 1 holds. Figs. [1] and [2] illustrate the dependence of the SU {3)2 
breaking scale / on the parameters k and A, for a messenger mass M = 500 TeV, a typical soft 
mass scale mgoft ~ 1 TeV and various choices for ^, yi and F. All coupling values in the figures 
are given at the messenger scale. As shown by these plots, / < 1 TeV can be achieved with 
A '^ 1 and a mild tuning between k and A, e ~ 0.2. These values imply a moderate hierarchy 
between the SU{3)2 breaking scale / and the VEV vn- 

3.3 The solution of the fj,/ Bfi problem 

Let us now discuss the generation of the fi and Bfi terms. After spontaneous breaking of the 
global SU{3)2 symmetry, the doublet and singlet components of the Higgs triplets Tiu and Tid 
no longer share the same masses and couplings, and the quadratic part of the tree-level scalar 





Figure 1: / [TeV] as a function of A and e, 
for M = 500 TeV, msoft ~ ITeV, yi = 0.1, 
F = 10 TeV and ^ = 0.002. 



Figure 2: / [TeV] as a function of A and e, 
for M = 500 TeV, msoft ~ ITeV, yi = 1, 
F = 7 TeV and ^ = 0.00014. 



potential ()14p can be rewritten as: 

1 / ^" \ 1 / ^" 

+ 2 i^u Sd sn) Af| Sd + - {pu Pd Pn) Mp \ Pd ] , 



(31) 



\SN/ 



^Ni 



where Hu-Hd = H^ia'^Hd, Su,d = fu,d + {su,d + iPu,d)/V2, N = vn + {sn + ipN)/V2 and 
all parameters in the scalar potential are assumed to be real. As in the NMSSM, the ^u and 
Bfi parameters are generated by the VEVs of the scalar and F-term components of the singlet 
superfield A^ (the signs in the expressions for /i and Bfi are due to the fact that T-Ly/Hd = 
-Hlia^Hd + SuSd): 



1^ 



-At' AT 



Bfj. = XFn - XAxVN = -A {Xfufd + Kvlf + Axvn) ■ 



(32) 



However, there is a crucial difference with the NMSSM: here F^ receives a contribution from the 
VEVs of Su and Sd, which transform non-trivially under the global SU{3)2 symmetry. At the 
minimum of the tree- level scalar potential ()14p . these VEVs take values such that the relation 
(Bn)"^ = (/u^ + 7TT,^)(/i^ + 771^) is satisfied. This in turns implies that the determinant of the {Hu, 
Hd) mass matrix vanishes (a similar mechanism is at work in the S'C/(3)-symmetric version of 
the model of Ref. [2]). The massless combination: 



H = sin 13 {ia^H*) + cos ^Hd 



(33) 



to be identified with the Standard Model Higgs boson, is interpreted as a Goldstone boson of the 
spontaneously broken global SU{3)2 symmetry. The orthogonal combination H' is heavy with 
a mass mj^, = 2/i^ + m'^ + m^. Inspection of the singlet scalar and pseudoscalar mass matrices 
Mg and Mp show that there is another Goldstone boson, 

7] = sm/3pu- cos/3pd. (34) 

The other singlets are massive with masses of order a few n, except for a lighter one with a mass 
of order A/ < 1 TeV. 

If we restrict our attention to the part of the tree- level scalar potential that depends solely on 
H, we see no dependence on // and B^, while the masses of the heavy states of the Higgs sector 
(including the higgsinos) are of order fi. Hence, the electroweak scale is insensitive to the actual 
value of the fi parameter, which is allowed to be large without creating a strong fine-tuning in 



the Higgs potential. This elegantly solves the fi/Bfi problem of gauge mediation. The value of 
/i (or vn) is relevant, on the other hand, for the breaking of the global symmetry, and we have 
seen in the previous subsections that a moderate hierarchy /i ^ / is needed, with no incidence 
on fine-tuning by virtue of the global SU{3)2 symmetry. 

4 Electroweak symmetry breaking 

We are now in a position to discuss the breaking of the electroweak symmetry. Let us first reca- 
pitulate the identification of the light degrees of freedom in the Higgs sector. The spontaneous 
breaking of the global SU {3)i x SU {3)2 symmetry leads to 10 Goldstone bosons, 5 of which dis- 
appear from the massless spectrum by virtue of the Higgs mechanism, since the gauge symmetry 
SU{3)w X U{l)x is broken to SU{2)l x C/(l)y in the same process. The remaining 5 Goldstone 
bosons reside mainly in Tiu and Tid in the limit f -^ F, and are conveniently parameterized 
atl2||5j: 

nd = fdi ^'''\\L I , ?^n = /« ( gy sin (^) , e775 cos (^) ) , (35) 



fs/2 COS ( ^ 

where /„ = /sin/3, f^ = /cos/3 and \H\ = wH^H. All other components of the Higgs triplets, 
except for one singlet with mass of order A/, are heavy with masses of order a few /x >> / and 
can be integrated out. H is a. Standard Model-like Higgs doublet transforming as a 2_ii2 of 
SU{2)l X C/(l)y , while 77 is a singlet whose role has been discussed in Refs. [5l \TT\ 112] . Being 
a (pseudo-) Goldstone boson of the approximate global SU{3)2 symmetry, H gets its potential 
from SU{3)2 breaking interactions. At tree level, one has: 

Ftrcc (H) = Might {H) + Fhcavy (H) , (36) 

where Might(-f^) is the contribution of the SU{2)l x U{1)y -D-terms: 

Might(^) = Ao I m'' + O (^) I , Ao = ^^^ cos^ 2/3 , (37) 

and Vheavy(-f^) is the contribution of the terms (5I4oft left over by integrating out the heavy gauge 
supermultiplets at the scale F: 

M.eavy(^) = mg||/?|2 + o(^)}, mg = ^ ~ ^^^| + ^'^^ (mf, - ml){- cos 2/?) , (38) 

(?71q > due to cos 2/3 < and m?j-, — mfj > 0). Since tan/3 ~ 1, both the tree- level quartic 
coupling Aq and the mass parameter ttiq are smalO. As we are going to see in the next subsection, 
one-loop corrections induced by the large top quark Yukawa coupling generate a tachyonic mass 
term in the Higgs potential and trigger electroweak symmetry breaking. The electroweak scale 
V is related to the VEV of the Higgs doublet v = (H) by: 

v = fsm{v/f). (39) 



^In fact, radiative corrections induce a dependence of the one-loop effective potential on fi and Bfi (see 
Section [4. 1|1 . but this does not represent an important source of fine-tuning. 

®This paranietrization agrees with Eqs. p3|l and (|34|) at leading order in 1//. 

^As discussed at the beginning of Section O tjiq is further suppressed by the small RG- induced difference of 
heavy Higgs triplet soft masses m^ — mfj. It is therefore not expected to play a significant role in the dynamics 
of electroweak symmetry breaking. This is confirnied by numerical calculations, which show that the tree-level 
contributions to the Higgs potential are negligible in comparison with the one-loop corrections. 
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4.1 Electroweak symmetry breaking: analytical discussion 



At the one-loop level, V{H) receives contributions from the Higgs couplings to the matter and 
gauge fields, which explicitly break the global SU{3)2 symmetry. Let us first compute the 
radiative corrections induced by the top quark Yukawa coupling, using the Coleman- Weinberg 
formula (Eq. (|'23p with Su replaced by H). The fermion mass matrix squared reads, in the 
parameterization ()35p : 



MlpMtop 



2/2 /m 

yiy2Ffu COS { 



H\/f) 



yiy2Ff^cosi\H\/f) 
yJF^ 



(40) 



\T 



where i2mass ^ ~ {t T) Mtop (t^ T^) -|-h.c. . The eigenstates can be identified with the Standard 
Model top quark and its heavy SU{3) partner, with masses: 






1 



ylF^ + ylf^± 



[yJF^ + ylfiy - AylylF^fl sin^ {\H\ //) 



(41) 



For |ff I < /, Eq. (J4T]) simplifies to: 



rn^ ~ 



2 I 7Lr|2 



m\ ~ 



2 f2 



viF' + y'^ft 



(42) 



where 



y't 



yiyiF^ sin^ /3 



(43) 



vlF^ + vlPu ■ 

Plugging these expressions into the Coleman- Weinberg formula and neglecting the small differ- 
ence between the soft masses of the stop fields, one obtains similar expressions to the ones of 
Ref. El: 



and 



5tm% 



St>^H 



M 

87r2 



"^stop In 



1 + 



m^ 



m, 



stop 



^-H'^^ 



(44) 



167r2 



In 



^top'^ 



Lqn 



m. 



stop 



mr [m, 



stop 



+ mf,) 



In 1 + 



nin 



rrin 



m, 



+ 



^"^stop 1 



m, 



stop 



+ m^ 



+ 



m: 



stop 



2m^ 



In 



m, 



stop 



stop / 

-I- m|, 



rrin 



(45) 



where Stm'jj and StXn are the contributions of the (s)top sector to the coefficients of the quadratic 
and quartic terms in the one-loop effective Higgs potential, respectively: 



Ayi-ioop(i^) 



6m 



H 



\H\^ + 5Xh\H\^ + 



(46) 



As required for proper electroweak symmetry breaking, 5tm'jj is negative while (5jA// is positive. 
The absence of a In A-dependent piece in dtm^ is a direct consequence of the double protection 
of the Higgs mass by supersymmetry and by the global SU {3)2 symmetry. 

Let us now consider the contributions of the gauge interactions to 6m'jj and 6Xh- In the 
effective theory below the gauge symmetry breaking scale F, these depend logarithmically on the 
cut-off scale A due to the explicit breaking of the global SU {3)2 symmetry by the SU{2)i x U{1)y 
gauge couplings and gaugino masses. The dominant contributions to the one- loop effective 
potential are given by the approximate formula: 



^gauge i' 1— loop v-*^ j 



647r2 



STr 



M 



gauge-Higgs 



{H) In 



A2 



m 



soft 



(47) 
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where -A/fgauge-Higgs stands for the (fourth power of the) mass matrices of the gauge and Higgs 
fields, and rrisoit is an average soft mass. Since the whole gauge sector is SU{3)2 symmetric above 
the scale F, the logarithmic divergence is effectively cut off at A = F. Let us compute (|T7|) . 
Working in the approximation where the heavy gauge and Higgs fields are integrated out at tree 
level, one is left with the SU{2)l x U{1)y gauge fields and with the Higgs superfields %u^ T~Ld 
and A^. Using the Higgs superpotential W = XNTiuTid + ^N'^, the tree-level potential (fH|) - 
pop and the Lagrangian terms involving the SU{2)l x U{1)y gauge fields, one derives the 
mass matrices of the gauge bosons, charginos, neutralinos, charged and neutral Higgs bosons. 
Neglecting 6Vsoit as well as the soft terms that are suppressed by the small parameter ^, and 
assuming all parameters to be real, one obtains: 



STr 



M 



gauge-Higgs 



4(35^ M| + g 



/2 



Ml) 



+ 3{3g' + g")fi 



Hu? + \Hd? 



+ 



4(3(7^ M2 + g"Mi)n - {3g' + g")Bii 



Hu-Hd + h.c. 



+ 3(ff2+5 



f2\ 



ml \Hu\ 



+ ml\H, 



+ 



2 



9 ^4 



9 



+ j9' 



,/4 



-2g'^ 

X'ig' + g") 



mj\H^ 



H,, 



+ ml\Hd\' 

2 
\Hd'" 



(48) 



where field-independent terms have been omitted, and /x = —\vn, B^ 
Inserting the parameterization (|35p into Eq. ()48p . one finally obtains: 



-K^fufd + Kv'^ 



N) 



dgrn^j 



3g^M^ + g''M\ 



167r2 



+ 



(3g^ + 9'^)/.^ + 



3g'^M2 + g''^Mi 



^9' +9'^ 
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647r2 

/2 



Bfi sin 2/3 



647r2 

K9'+9" 
647r2 



167r2 
m^ sin /3 -|- tti^ cos /3 



/x sin 2/3 



5q^H 



327r2 

1 

647r2 
5gm]j 



m^ sin /3 -|- m^ cos /3 



In 



F2 



m 



-) 



(49) 



soft / 



(5^ + 9' 



/2\2 



9 4^1 /4 

4^ +4^ 



A^(5^ + 5'^) 



cos^ 2/3 In 



m 



soft 



3/2 



(50) 



where we have set A = F. The terms enhanced by ^2 ^^d /iMi_2 dominate in dgm'jj, so that 
5grn?^ > 0. Note that there is a partial cancellation between the second and the fourth terms. 



due to Bfj, 



-Xkv 



N 



x\% 



/i , leaving a net contribution {3g + g 



I2\ 



^^'ln{F'/mi^,,)/327^\ 



Contrary to dtXu, ^gXn is negative, but it is suppressed by cos 2/3 (first term) and by 1/3/ 
(second term). 

The second and fourth terms in Eq. ()49p . which due to the large value of // (see next sub- 
section) give the dominant contribution from the gauge-Higgs sector to the Coleman- Weinberg 
potential, have a simple renormalization group interpretation. They arise from the different RG 
running, below the SU{3)w breaking scale F, of the parameters associated with the doublet 
and singlet components of the Higgs triplets Tiu and Tid- Indeed, below F, gauge interactions 
distinguish the doublets Hu and Hd from their SU{3) partners Su and Sd, and this results in 
different RGEs for parameters that would otherwise be equal by virtue of the SU{3)2 symmetry. 
One is thus led to "split" the superpotential coupling A in the following way: 



M^Higgs 3 XsNSuSd + XdNHuHd 



(51) 



ggs 

and similarly for the soft terms involving Tiu or T-Ld- As a result, the F-term potential (|15p is 
modified as follows: 

2 



Vf 



\ 2 I \H\ 
A., cos ( — 



+ Xd sm I — 



/ sin /3 cos /3 -|- kvj^ 
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+ v%f (a^ cos^ (^) + Al sin^ (^) ) , (52) 

where we have replaced A^ by its VEV and inserted the parameterization (|35p . Using Bfi ~ fj? 
and sin 2/3 ~ 1, this yields: 

J 2 Arf — As 2 jr \ ^splitlTT-H /[-o\ 

4plit"^ii' - T /" , ^splitAff ^ -^2 — ) (53) 

where A^ — A^/A can be computed from the RGEs for the "split" superpotential couplings given 
in Appendix O 

^^^^^ ~ln^ ~ ^^^±^lnf^^ (54) 



in agreement with the second and fourth terms of Eq. (j49p . 

4.2 Electroweak symmetry breaking: numerical results 

The numerical study of electroweak symmetry breaking is done by minimizing the Higgs poten- 
tial, taking into account the contributions mentioned in the previous subsections and relaxing 
the assumptions made in the analytical discussion (in particular, the soft masses in the stop 
sector are not universal but given by the formulae of Appendix [B]). For simplicity, only the 
dominant (s)top sector contribution and the approximate gauge contribution ()47p - ()48p have 
been included in the numerical computation of the Coleman- Weiberg potential. 

Let us comment on the features of the main contributions to the Higgs potential, as revealed 
by the numerical calculations. The contribution from the (s)top sector to the Coleman- Weinberg 
one-loop effective potential has the desired "mexican hat" shape with the minimum approxi- 
mately located at v ~ ^/. The gauge contribution is convex for small values of the Higgs VEV 
with a minimum at the origin, which helps shifting the minimum of the Higgs potential towards 
the correct value v ~ f = 174 GeV. However, the LEP bound on the Higgs mass requires large 
corrections from the (s)top sector to the quartic coupling \h and at the same time does not allow 
for large corrections from the gauge-Higgs sector (which gives dgXn < 0). This in turn implies 
that the gauge contribution (|47p ^ (|48p is not enough to bring v to its true value. Conversely, one 
may adjust the parameters of the model so that the correct value of the electroweak scale is ob- 
tained, but then the radiative corrections to Xh are too small and the Higgs mass falls below the 
LEP bound. This means that the model must be extended to be fully realistic. A first way to do 
so is to add an S'L'^(3)2-breaking sector that generates a sizeable tree-level quartic coupling Aq, 
as was done in a different SU{3) model in Ref. [B]. Then large corrections from the (s)top sector 
are no longer needed to satisfy the LEP bound, and the electroweak scale is obtained with little 
fine-tuning. Another possibility is to invoke some additional convex contribution (5extra"i|f l-ffp 
to the effective Higgs potential (presumably arising from loops involving the heavy gauge and 
Higgs fields, or from some extra S'C/(3)2-breaking sector to be added to the model) in order to 
obtain the proper value of the Higgs VEV. In this case large corrections from the (s)top sector 
to \h are still needed to satisfy the LEP constraint and the fine-tuning is more significant. 

Let us investigate the second possibility. To fix the size of the (s)top and gauge contributions, 
we require that the resulting 6Xh be large enough to satisfy the LEP bound for a mass of the 
SU{3) top partner rriT in the 1-10 TeV range. In practice, the parameter values chosen in Fig. [2] 
for the spontaneous breaking of the global SU{3)2 symmetry turn out to be convenient for that 
purpose and we adopt them in our numerical study. Then we adjust the extra contribution 
'^extra'iT'/f \H\'^ to obtain the correct value of the electroweak scale. Let us now present the 
numerical results for the same choice of parameters as in Fig. [2] (all coupling values in the 
figures are given at the messenger scale). The value of the Higgs mass Mh ^ 2\/Ao + 6Xh v 
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is displayed in Fig. [3] (the dashed hnes show the Higgs mass predicted by the (s)top sector 
contribution to the effective potential alone) , while the corresponding value of tan /? is shown in 
Fig. m The curves in Figs. U] to [6] are dashed in the region of the parameter space where the 
Higgs mass lies below the LEP bound. 




Figure 3: Higgs boson mass as a function 
of A and e, for M = 500 TeV, msoft ~ 1 TeV, 
yi = 1, F = 7 TeV and ^ = 0.00014 [in TeV]. 



1.0^^- 



0,6 0.8 



Figure 4: tan/3 as a function of A and e. 
Other parameters chosen as in Fig. [3l 



»<(TeV) 




Figure 5: Fine-tuning as a function of A and 
e. Other parameters chosen as in Fig. [3l 



0.0 0.2 0.4 0.6 



Figure 6: ^ = —Xvn as a function of A and e. 
Other parameters chosen as in Fig. [3l 



The source of fine-tuning in the model lies in the large radiative corrections to \h from the 
(s)top sector that are required in order to satisfy the LEP bound. This in turn implies a large 
and negative Stm'jj that must be compensated for by Sgm'jj and (5extra"^jf so as to obtain the 
proper value of the electroweak scale v = 174 GeV. One can estimate this fine-tuning with the 
following quantity: 



FT 



|(5m^| 



6mjj 



(55) 



where drnj^ 



5t'TT'//+5g'^|/+'^extra"T'lf is the mass Squared parameter in the Higgs potential (|46p . 
The numerical results for the fine-tuning parameter FT are presented in Fig. [5j Figs. [3] to [5] 
show that successful electroweak symmetry breaking with a Higgs boson mass above the LEP 
bound and a fine-tuning around FT ~ 20 can be achieved for A ~ 1, e ~ 0.3 and ^ ~ 10""^ 
(corresponding to / ~ 1 TeV) . 



4.3 Physical spectrum 

Let us finally discuss the physical spectrum of the model. The gross features of the Higgs 
spectrum are the following (omitting the heavy fields $[/, $£> and N' , which have masses of order 
F, out of reach of the LHC). The spontaneous breaking of the SU {3)2 symmetry yields a massive 
Higgs doublet H' ~ cos/3 (ia'^H*) — sin/JiJ^, which describes a CP-even and a CP-odd neutral 
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scalars as well as a charged one, all with the same tree- level mass -\/2/x^ + m„ + rn^ ~ \/2 l/^l, 
hence in the multi-TeV range (see Fig. [U]). In the singlet sector, we have 4 heavy scalars with 
masses of order a few /x and a lighter one with a mass of order A/ < 1 TeV; the remaining singlet 
r] is a. pseudo-Goldstone boson and gets a small mass at the one- loop level pT|. Apart from this 
singlet, whose phenomenology has been studied in Refs. [5| IIH [T2]. the Higgs sector contains a 
single light state with Standard Model-like properties. 

The higgsinos (both doublet and singlets) also have large masses of order fi. The rest of the 
superpartner spectrum is representative of gauge-mediated models with a low messenger scale. 
The SU{3) partner of the top quark has a mass mj- ~ yiF ~ 7 TeV in the region of parameter 
space considered and is not accessible at the LHC, similarly to the heavy gauge bosons associated 
with the broken SU{3)w x U{l)x generators. 

5 Conclusions 

In this paper, we studied the interplay between the spontaneous breaking of a global symme- 
try of the Higgs sector and gauge-mediated supersymmetry breaking, in the framework of a 
supersymmetric model with global SU{3) symmetry. In addition to solving the supersymmetric 
flavour problem and alleviating the little hierarchy problem by identifying the Higgs boson with 
a pseudo-Goldstone boson, this scenario presents several advantages. 

First, gauge mediation provides a mechanism for breaking the global symmetry protecting 
the Higgs mass, namely through the loop-induced tadpole of an SU{3) singlet scalar field. A 
non-trivial success of the model studied in this paper, compared with previous attempts in the 
literature, is to ensure that the global symmetry breaking vacuum is indeed the global minimum 
of the scalar potential, and the possibility to control the shape of the potential by varying the 
tadpole scale is instrumental in this. 

Second, the global symmetry provides an elegant solution to the fJ-/Bfi problem of gauge 
mediation. Much like in the NMSSM, the /i and Bfj, parameters are generated by the VEVs 
of the scalar and F-term components of a singlet superfield, but the global SU{3) symmetry 
ensures that the relation (Bfi)^ = (|/ip + m^)(|/ip -|- m^) is satisfied at the minimum of the 
tree-level scalar potential, implying that the electroweak scale is insensitive to the actual value 
of the n parameter. As a result the ^ parameter, which sets the scale of the heavy Higgs masses, 
may be large without creating a strong fine-tuning in the Higgs potential. 

Finally, the combined effect of supersymmetry and of the global symmetry ensures a "double 
protection" of the Higgs potential, allowing for a reduced fine-tuning with respect to the MSSM. 
We computed the one-loop corrections to the potential of the pseudo-Goldstone Higgs boson 
coming from the (s)top and gauge-Higgs sectors, and checked that they indeed trigger elec- 
troweak symmetry breaking. However, the specific model studied in this paper has a suppressed 
tree-level quartic Higgs coupling and fails to bring the Higgs mass above the LEP bound. We 
showed that an additional contribution (5extra"i|/ l-ffp to the Higgs potential, arising from some 
extra S'C/(3)-breaking sector, can solve this problem with a moderate fine-tuning of order 1/20. 
Alternatively, one may try to generate a sizeable tree-level quartic Higgs coupling along the lines 
of Ref. [g. 

The model predicts a rather low messenger scale, a small tan/3 value, a light Higgs boson 
with Standard Model-like properties, and heavy higgsinos. 
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A Renormalization Group Equations 

In this appendix, we give the renormahzation group equations (RGEs) vahd between the mes- 
senger scale M and the SU{?>)w breaking scale F for all relevant superpotential parameters and 
soft terms. For convenience, we recall their definition below: 

W B X'N' {'^u^D - /"') + XNUuTid + ^iV-' + yi^c/^QT^ + y2^«^Qt', (A.l) 

^soft B Mfj |$c/|2 + Ml |$b|' + Ml, |iVf + ml |^„|2 + ml j^^j^ + m], \N\' 

+XAxNnu'Hd + ^A^N^ + yiAy.'^u'^QT'^ + y2Ay,'Hu^ qt" + h.c.) . (A.2) 

In the RGEs below, gc, gw and gx are the SU{3)c, SU{3)w and U{l)x gauge couplings, 
respectively; Mc, Mw and Mx are the associated gaugino masses; and t = (I/IGtt^) In//. 

I A' = A' ( 5A'2 + 3y? - ^5^ - ^5i ) , (A.3) 



Ux'^ + ^yl-^{9h--/x), 
X Ux^ + 2^ + 3yi - y ff^ - ^g\\ , 



±X = X(5X' + 2k' + 3yi - ^g'w " ;^ffx ) , (A.4) 

— AC = 3k {3X^ + 2^2) , (A.5) 

^ yi = yi ( 7y^ + yi + A'" - ^<7c " ^9w - idx ] , (A.6) 

^ y2 = y2 { 2/1 + 7y^ + A' - ^<7^ - ^(/^ - i^ffx ) , (A.7) 

- Ax, = IOA'Ma' + Gy'tAy, - ^g'tyMw - ^Qx^x , (A.8) 



/^^, 2 2 x/2 16 2 16 2 4 2 \ 

( 7y? + yl + A'2 - y ^^^ - —g^, - -g^j , 

/^2 ^2 x2 16 2 16 2 42\ 

[yi + m + y- -^9c - -^9w - 3^1 ) , 

32 8 

IOA'^Aa' + 6y?Aj,, - —gl^Mw - ^g^Mx , 

32 8 

lOA^^A + 4k2^« + QylAy^ - —gl^Mw - ^gxMx , 



- ^A = IOAMa + 4k' A^ + 6y^Aj,2 - ^^vk^h- - ^9xMx , (A.9) 

- A = 6 (3AMa + 2k' A,) , (A.IO) 

d_ 

di 
d_ 

It 
d 2 



6 {3X^Ax + 2k^A^) , 

32 32 8 

Ay, = UyJAy, + 2X'^Ay - —glMc - —gl.Mw - -g^Mx , (A. 11) 

32 32 8 

^ Aj,, = Uy^^Ay, + 2X^Ax - —glUc - —gl^Mw - -g\Mx , (A.12) 



d 2 

d 2 

d 2 

dt " 



(A.13) 



6y? (ml + m|^ + m^c + ^^ + 2A'2 (mf^ + m|, + m^, + A|,) 

- f ffw^M^, - ^glMl , 

32 8 

2A'2 {ml +ml + m%, + ^2,) _ —g^M^ - -g\Ml , (A.14) 

QX'"^ {ml + m\, + m\, + Al) , (A.15) 

6yi (m^ + m|^ + m^, + ^^J + aA^ (m^ + ^^ + m^ + AI) 

32 8 

-yffVKM^--<7iMl, (A.16) 
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j^rnl = 2A2 {ml + ml + m% + Al) - y <?vf^w^ " ^^1^1 , (A.17) 

— m^ = eA^ {ml + ml + m% + Af) + Ak'^ {3m% + Al) , (A.18) 

2 02/2, 2 I 2|/i2\io2/'2, 2 , 2|/i2 

— m^Q = 2yi [mjj + mvjy^ + m^^c +Ay^j+ 2^2 (^"t.„ + m^^,^ + m^c + ^^^^ 

- fg'cM'c - fg'wM^ - Ig'xM], , (A.19) 

^ m?. = 6y| (m^ + m|^ + m^ + ^^J - yff^M^ - ^gluj, , (A.20) 

- ml. = 6yf (mfj + m|^ + m|c + ^2^) - y ff^M^ - y ff^Ml . (A.21) 

B Values of soft terms at the messenger scale 

In this appendix, we give the boundary conditions for the soft terms in Eq. ()A.2p at the messenger 
scale M. 



^u = ma= ^^g^2)2 (^g^w- + ^5x - 6A e ) A , 
m^, = , 

^2 _ 1 



^Q 



o5c + o^iy + T^te A , 



(167r2)2 \^3^^ 3^^^ 27 

2 1 /8 4 34 4\ 2 

"^*^ = (li^ ^3^^ + 27^^J ^ ' 

2 1 /8 4 34 4X2 

A. = ^ = -^A, 
-^ 3 167r2 ' 



B.l 

B.2 
B.3 
B.4 

B.5 

B.6 

B.7 

B.8 
B.9 



C Renormalization Group Equations for "split" superpotential 
couplings 

Below the SU{3)w breaking scale F, the 5[/(3)2-invariant superpotential couplings A and 1/2 
are split into separate couplings for the doublet and singlet components of the Higgs triplets T-L^ 
and T-Ld- 

W 3 XsNSuSd + XdNH^Hd + y2,sSuTf + y2,dHuQf ■ (C.l) 
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The associated RGEs, valid below the scale F, are given by: 

^ A, = A, (3y|, + 3X1 + 2A1 + 2^2) , (C.2) 

I A, = A, (syl, + Xl + AXl + 2^2-2 Q^'^ + ^5^) ) , (C.3) 

I ?/2,. = y2,s {5yl + 2yi,, + A^ - 2 (^^2 + ^5?.) ) , (C.4) 

1 2/2,. = y2,. [yls + Qvh + A^ - 2 (^5'^ + I9' + lal) ) , (C.5) 

where gc, g and g' are the 5?7(3)c, SU{2)l and C/(l)y gauge couplings, respectively, and 
t = (l/167r^) In/u. The matching conditions between the SU{?))w x ^(l)x and SU{2)l x f/(l)y 
gauge couplings at the scale F read: 

g = gw , g = , = ■ (C.6) 

For completeness, we also give the matching conditions for the gaugino masses: 

M, = M^, M, = ^%±^#^. (C.7) 
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